GaN-based high electron mobility transistors offer high carrier density combined with high electron mobility and often require operation at high frequencies, voltages, and temperatures. The device may be under high temperature and high voltage at the same time in actual operation. In this work, the impact of separate off-state stresses, separate high-temperature stresses, and off-state stresses at high temperatures on AlGaN/GaN high electron mobility transistors (HEMTs) grown on Si substrates was investigated. The output current and gate leakage of the device degenerated to different degrees under either isolated off-state or high-temperature stress. The threshold voltage of the device only exhibited obvious negative drift under the action of high-temperature and off-state stresses. The parameter at high temperature (or room temperature) before stress application was the reference. We found that there was no significant difference in the degradation rate of drain current and transconductance peak when the same off-state stress was applied to the device at different temperatures. It was concluded that, under the high-temperature off-state electric field pressure, there were two degradation mechanisms: one was the inverse piezoelectric polarization mechanism only related to the electric field, and the other was the degradation mechanism of the simultaneous action of temperature and electric field.
Introduction
GaN-based high electron mobility transistors (HEMTs) are excellent candidates for high-frequency, high-field, and high-temperature applications in the microwave range, due to their large band gap, high breakdown electric field, and high mobility two-dimensional electron gas (2DEG) [1] [2] [3] . On the one hand, high-field degradation characteristics refer to the possible degradation effect of AlGaN/GaN HEMT devices after the application of the enhanced electric field. At present, the primary explanation for the degradation of AlGaN/GaN HEMT devices under strong electric field stress is the thermionic electron effect. The thermionic electron will lead to the capture and generation of surface state traps between the gate and drain, thus affecting the performance of devices and causing device degradation. Some studies believe that the inherent traps [4, 5] will capture the thermal electrons, while others believe that the thermal electrons themselves will form new defects [6] [7] [8] [9] . Actually, the thermionic electron effect could not be used to explain all of the high-field degradation phenomena. The device lacks channel thermal electrons under the off-state stress of the large electric field. The experimental results show that the device will also degrade under off-state stress [10, 11] . It is suggested that there may be other mechanisms for degradation of the device under off-state stress.
Materials and Methods
The AlGaN/GaN HEMT device used in this experiment adopted a standard process. The AlGaN/GaN heterojunction structure was grown by metal-organic chemical vapor deposition (MOCVD) on SiC substrates. Both the GaN buffer layer (2 µm) and the AlGaN layer (25 nm) were unintentionally doped. The Al composition in the AlGaN barrier layer was 30%. Standard Ti/Al/Ni/Au (20 nm/140 nm/55 nm/45 nm) source/drain ohmic metallization was annealed at 850 • C for 30 s and a rectangular-shaped Ni/Au gate contact was used. This was followed by the deposition of 60 nm and 200 nm plasma-enhanced chemical vapor deposition (PECVD) Si 3 N 4 passivation layer, respectively.
For the off-state high-power stress, the source was held at ground level while the applied stress conditions consisted of a VGstress = −3 V and VDstress = 30 V. Following this, the device was turned off, the channel was left unopened, and the stress time was 6000 s. After stress, the device was left stationary for 72 h to restore. We measured the characteristics by using an Agilent B1500A device analyzer and a cascade probe station. Then, in the high-temperature experiment, the device was heated by a DHG-9033BS-III electrothermal constant temperature blast drying oven. The test sample was first placed at room temperature for testing then placed in the thermostatic chamber. The temperatures were set to 50, 75, and 100 • C, in sequence. In order to make sure that the temperature of the device was uniform before measurement, the sample was stored for two minutes after the oven reached the preset temperature. Finally, the most important study was the degradation characteristics of AlGaN/GaN HEMT devices after applying off-state stress at different ambient temperatures. The experimental samples, test methods, and stress conditions used were the same as before. During the experiment, the three sets of devices were placed at ambient temperatures of 50, 75, and 100 • C.
Results and Discussion

Off-State Stress
A characteristic curve comparing reference, off-state stress condition, and recovery condition is shown in Figure 1 . It can be seen from the transfer characteristic curve of Figure 1a that, after stress, the maximum transconductance and drain of the device current decreased. Among them, the threshold voltage was unchanged, the maximum transconductance Gmmax was reduced by 24.9%, and the maximum drain current was reduced by 31%. Nevertheless, the transfer characteristic curve of the device was restored to the pre-stress level after the device was static for 72 h. This phenomenon is generally attributed to the fact that, after stress, the electrons of the device-under the action of a strong electric field-obtain enough energy and enter the AlGaN barrier layer or the device surface to be captured by traps [7] . Thus, the concentration of 2DEG in the channel decreased, which was macroscopically shown as the decrease of output leakage current of the device. The degradation of the characteristic curve was due to the inherent trapped carriers in the device. After storing the sample for a while to recover, the trap released the trapped carrier and the device characteristics were restored to the pre-stress level. Figure 1b shows the variation of the gate leakage current curve of the device. It can be seen that, after stress, the gate leakage current increased by nearly two orders of magnitude. This may be because the electric field direction generated by the negative gate voltage acting on the AlGaN barrier layer is the same as that of the AlGaN polarization electric field, and the two electric fields interact with each other [6, 20] . As a result, the barrier layer of AlGaN was subjected to a more significant tensile stress, which stretched the lattice structure and produced new defects in the material. The new trap-assisted carrier tunneling passed through the AlGaN barrier layer and formed a new gate current leakage channel-that is, the gate leakage current of AlGaN/GaN HEMT devices increased after stress. Moreover, the gate leakage current was unrecovered, which was consistent with the post-stress curve. It is further indicated that new traps introduced under off-state stress caused the gate leakage channel and these new defects could not be recovered with the removal of stress. the characteristic curve was due to the inherent trapped carriers in the device. After storing the sample for a while to recover, the trap released the trapped carrier and the device characteristics were restored to the pre-stress level. Figure 1 (b) shows the variation of the gate leakage current curve of the device. It can be seen that, after stress, the gate leakage current increased by nearly two orders of magnitude. This may be because the electric field direction generated by the negative gate voltage acting on the AlGaN barrier layer is the same as that of the AlGaN polarization electric field, and the two electric fields interact with each other [6, 20] . As a result, the barrier layer of AlGaN was subjected to a more significant tensile stress, which stretched the lattice structure and produced new defects in the material. The new trap-assisted carrier tunneling passed through the AlGaN barrier layer and formed a new gate current leakage channel-that is, the gate leakage current of AlGaN/GaN HEMT devices increased after stress. Moreover, the gate leakage current was unrecovered, which was consistent with the poststress curve. It is further indicated that new traps introduced under off-state stress caused the gate leakage channel and these new defects could not be recovered with the removal of stress. Figure 2 shows a representative curve of the DC characteristics of AlGaN/GaN HEMT devices at different ambient temperatures. It can be seen intuitively from Figure 2a that, as the ambient temperature increased, the transconductance peak and drain current of the device continuously decreased. The threshold voltage had slightly negatively drifted but the change was not obvious. The main reason was the decrease of the carrier saturation velocity in the high-temperature environment [21] . Figure 2 shows a representative curve of the DC characteristics of AlGaN/GaN HEMT devices at different ambient temperatures. It can be seen intuitively from Figure 2a that, as the ambient temperature increased, the transconductance peak and drain current of the device continuously decreased. The threshold voltage had slightly negatively drifted but the change was not obvious. The main reason was the decrease of the carrier saturation velocity in the high-temperature environment [21] .
High-Temperature Stress
Compared with the data at room temperature, the peak value of the transconductance of the device decreased by 3.52% at 50 • C, 8.60% at 75 • C, and 13.47% at 100 • C. In terms of drain current, the drain current dropped by 3.32% at 50 • C, 8.34% at 75 • C, and 12.34% at 100 • C. In summary, taking the transconductance peak and drain current of the device as the ordinate, and the ambient temperature as the abscissa, the curve of the DC parameter of the device as a function of temperature was obtained ( Figure 3 ). The inset was the degradation rate of the transconductance peak and drain current relative to room temperature at 50-100 • C. It can be seen that the transconductance peak and drain current of the device decreased linearly with the increase of the ambient temperature, and the degradation rate was also approximately linear with the ambient temperature. It shows that the DC characteristics of the device degraded uniformly with increasing temperature. From the gate leakage current characteristics of the device in Figure 2b at different ambient temperatures, it can be seen that the gate leakage current of the device did not change significantly with the increase of the ambient temperature. It can be considered that the Schottky junction of the experimental sample used is highly reliable, and remains substantially stable over this temperature range. After the device returned to room temperature, the transfer characteristic curve returned to its original level. The carrier saturation velocity of the device was constant at the same temperature. This further indicates that the decrease of drain current at high temperature is mainly due to the decrease of carrier saturation velocity. Figure 2 shows a representative curve of the DC characteristics of AlGaN/GaN HEMT devices at different ambient temperatures. It can be seen intuitively from Figure 2a that, as the ambient temperature increased, the transconductance peak and drain current of the device continuously decreased. The threshold voltage had slightly negatively drifted but the change was not obvious. The main reason was the decrease of the carrier saturation velocity in the high-temperature environment [21] . Compared with the data at room temperature, the peak value of the transconductance of the device decreased by 3.52% at 50 °C, 8.60% at 75 °C, and 13.47% at 100 °C. In terms of drain current, the drain current dropped by 3.32% at 50 °C, 8.34% at 75 °C, and 12.34% at 100 °C. In summary, taking the transconductance peak and drain current of the device as the ordinate, and the ambient temperature as the abscissa, the curve of the DC parameter of the device as a function of temperature was obtained (Figure 3) . The inset was the degradation rate of the transconductance peak and drain current relative to room temperature at 50-100 °C. It can be seen that the transconductance peak and drain current of the device decreased linearly with the increase of the ambient temperature, and the degradation rate was also approximately linear with the ambient temperature. It shows that the DC characteristics of the device degraded uniformly with increasing temperature. From the gate leakage current characteristics of the device in Figure 2b at different ambient temperatures, it can be seen that the gate leakage current of the device did not change significantly with the increase of the ambient temperature. It can be considered that the Schottky junction of the experimental sample used is highly reliable, and remains substantially stable over this temperature range. After the device returned to room temperature, the transfer characteristic curve returned to its original level. The carrier saturation velocity of the device was constant at the same temperature. This further indicates that the decrease of drain current at high temperature is mainly due to the decrease of carrier saturation velocity. 
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Off-State Stress at High Temperature
In this section, the experimental results at 75 °C are taken as an example. The direct current characteristics of the device at room temperature, the high-temperature environment before stress application, the high-temperature environment after stress application, the return to room temperature, and the static condition for 72 hours were compared. After applying the off-state stress at 75 °C, one reduced the temperature to room temperature without any stress and stored the sample. These were considered the static conditions. Then, the experimental results at different ambient temperatures were statistically analyzed to investigate the effect of temperature on the off-state stress degradation characteristics.
As can be seen in Figure 4a , the device transfer and transconductance characteristics after 75 °C application of off-state stress were significantly degraded compared to the initial measurement at room temperature. Individually, when the ambient temperature rose to 75 °C, the drain current and transconductance peak of the device decreased but the threshold voltage did not change significantly. This was consistent with the experimental results of the previous high-temperature characteristics 
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As can be seen in Figure 4a , the device transfer and transconductance characteristics after 75 • C application of off-state stress were significantly degraded compared to the initial measurement at room temperature. Individually, when the ambient temperature rose to 75 • C, the drain current and transconductance peak of the device decreased but the threshold voltage did not change significantly. This was consistent with the experimental results of the previous high-temperature characteristics mainly because the temperature caused a decrease in the two-dimensional electron gas mobility at the channel of the device. After applying the off-state stress at 75 • C, the drain current and transconductance peak of the device decreased further, and the threshold voltage showed a significant negative drift. The specific data is shown in Table 1 , where the degradation rate of each parameter relative to the initial measured value is compared. It can be seen from the data that the main degradation occurred after application of the off-state stress. It can also be seen that the device had a significant recovery of drain current and transconductance peak after returning to room temperature. However, the threshold voltage recovery was not apparent, and no more replies could be achieved after 72 h of standing. In combination with Figure 2a , it can be seen that the threshold voltage of the device was only slightly negative at high temperature, which can be attributed to the increase of the density of 2DEG surface at high temperature. It led to a rise in the number of electrons consumed in the channel that required a higher negative bias to be exhausted. It shows that the current technology level can ensure the stability of metal contact of the device at this temperature. The degradation mechanism [18] of metal contact driven by ambient temperature is accelerated under the high electric field. In other words, the Schottky contact of the gate electrode begins to irreversibly degenerate under the double action of high temperature and high electric field [22] . According to
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, when the height of the Schottky barrier ( ) decreases, the threshold voltage ( ℎ ) decreases. Figure 4b shows a comparison of gate leakage current characteristics of AlGaN/GaN HEMT devices. It can be seen that there was no significant difference between the initial test and the test at 75 °C but the gate leakage current of the device after application of the off-state stress had increased significantly by more than two orders of magnitude. It is indicated that the off-state stress had a significant effect on the Schottky contact of the gate.
In order to analyze the effects of different ambient temperatures on the off-state stress degradation, the parameter degradation of the device at room temperature, 50, 75, and 100 °C was statistically analyzed. Based on the parameters at high temperature (or room temperature) before stress application, the degradation rate of the device parameters after applying the off-state stress at different temperatures was calculated. The results are shown in Figure 5 . It can be seen that there was no apparent law between the degradation rate of the device drain current and the transconductance peak and the temperature. This is because the degradation of the device under off-state stress is a high-field-driven inverse piezoelectric polarization mechanism. This mechanism is driven by an electric field rather than current, and the ambient temperature does not have a significant effect on the applied electric field. Therefore, it does not contribute to degradation under the off-state stress of the device. Figure 4b shows a comparison of gate leakage current characteristics of AlGaN/GaN HEMT devices. It can be seen that there was no significant difference between the initial test and the test at 75 • C but the gate leakage current of the device after application of the off-state stress had increased significantly by more than two orders of magnitude. It is indicated that the off-state stress had a significant effect on the Schottky contact of the gate.
In order to analyze the effects of different ambient temperatures on the off-state stress degradation, the parameter degradation of the device at room temperature, 50, 75, and 100 • C was statistically analyzed. Based on the parameters at high temperature (or room temperature) before stress application, the degradation rate of the device parameters after applying the off-state stress at different temperatures was calculated. The results are shown in Figure 5 . It can be seen that there was no apparent law between the degradation rate of the device drain current and the transconductance peak and the temperature. This is because the degradation of the device under off-state stress is a high-field-driven inverse piezoelectric polarization mechanism. This mechanism is driven by an electric field rather than current, and the ambient temperature does not have a significant effect on the applied electric field. Therefore, it does not contribute to degradation under the off-state stress of the device. At the same time, it can be seen from Table 1 that the recovery characteristics of the experimental samples subjected to the off-state stress at high temperature were poor. Although the drain current and transconductance of the device had recovered, there was still a large gap between the values before the experiment. The gate leakage current and the threshold voltage were substantially unrecovered. By comparing the device recovery characteristics at room temperature, it can be seen that the degradation of the device was not only the reverse piezoelectric polarization mechanism mentioned above but also a mechanism in which both temperature and voltage produced effects. In addition to the influence on the Schottky contact described above, there may have also been an influence on the AlGaN/GaN interface layer. It has been proved that in the process of reverse gate bias, the AlGaN/GaN interface trap captures electrons in the channel and causes the negative shift of threshold voltage [9] . At high temperature, the interface structure of AlGaN/GaN is unstable, which is easy to generate more interface traps. Therefore, the severe negative drift of the device threshold voltage at the high electric field and high temperature may be the result of the degradation of both the Schottky and AlGaN/GaN interface. Moreover, the source-drain current was reduced, and the deterioration of both mechanisms was irreversible. 
Conclusions
The off-state stress was applied to the AlGaN/GaN HEMT at different ambient temperatures in order to study electrothermal coupling reliability. The experimental results show that the increase of ambient temperature lead to the decrease of the drain current and the transconductance peak of the device. The decrease rate varied uniformly with the temperature and this could be restored when the device came back to room temperature. The main reason was the decrease of 2DEG mobility in the high-temperature environment. The degradation mechanism of the device consisted of two parts, one of which was the inverse piezoelectric polarization effect only related to the electric field. There was no obvious relationship between the degradation rate of drain current and the peak transconductance and temperature. It was because the drain current degradation of the device under the in-state stress as the inverse piezoelectric polarization mechanism driven by the electric field. This mechanism as At the same time, it can be seen from Table 1 that the recovery characteristics of the experimental samples subjected to the off-state stress at high temperature were poor. Although the drain current and transconductance of the device had recovered, there was still a large gap between the values before the experiment. The gate leakage current and the threshold voltage were substantially unrecovered. By comparing the device recovery characteristics at room temperature, it can be seen that the degradation of the device was not only the reverse piezoelectric polarization mechanism mentioned above but also a mechanism in which both temperature and voltage produced effects. In addition to the influence on the Schottky contact described above, there may have also been an influence on the AlGaN/GaN interface layer. It has been proved that in the process of reverse gate bias, the AlGaN/GaN interface trap captures electrons in the channel and causes the negative shift of threshold voltage [9] . At high temperature, the interface structure of AlGaN/GaN is unstable, which is easy to generate more interface traps. Therefore, the severe negative drift of the device threshold voltage at the high electric field and high temperature may be the result of the degradation of both the Schottky and AlGaN/GaN interface. Moreover, the source-drain current was reduced, and the deterioration of both mechanisms was irreversible. 
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